This paper reviews present knowledge on the etiology, pathophysiology, complications, prevention, and therapy of the disorders induced by iodine deficiency. The recommended dietary allowances of iodine are 100 pg/day for adults and adolescents, 60-100 p-g/day for children aged 1 to 10 years, and [35][36][37][38][39][40] 
of iodine deficiency is endemic cretinism, a syndrome characterized by irreversible mental retardation together with either a predominant neurological syndrome or predominant hypothyroidism, or a combination of both syndromes. The prophylactic action of iodine on the incidence of both types of cretinism demonstrates the fundamental etiological role of iodine deficiency. The 10 ,000-50,000 parts salt, depending on the degree of the deficiency and on salt intake. Iodized salt should be made available not only for household salt but also in industrial food production including cheese and bread as well as for animal consumption. As a matter of fact, milk appears as the main source of iodine in many industrialized countries. In preindustrialized countries where food fortification with iodine is impossible to organize, prophylaxis and therapy of IDD can be achieved extremely efficiently by the administration of large quantities of iodine (20-960 mg) in (15-20 mg, i.e., 0.02 x 10"3% of body weight). Iodine is an essential substrate for synthesis of thyroid hormones. Thyroxine is approximately 60% iodine by weight and the daily requirement of iodine is at least equal to the amount of hormonal iodine degraded and unrecovered daily by the thyroid gland. In adolescents and adults, this amount is 50-100 p-g/day. Consequently, the classical recommended dietary allowance (167) of iodine is 100 u.g/day for adolescents and adults (150 p-g/day in pregnant and lactating women). It is 60-100 P-g/day for children aged 1-10 years, 40 p-g/day for infants aged [6] [7] [8] [9] [10] [11] [12] months, and 35 p-g/day for infants 6 months of age or younger, which represents about 8 u-g/kg/day, 5 p-g/dL/milk and 7 p-g/100 kcal. However, a réévaluation of the iodine requirements in young infants based on iodine balance studies showed that, at least in conditions of marginally low iodine intake as observed in Europe, the recommended dietary allowance should be increased to 90 p-g/for infants aged less than 1 year (47) .
When the physiological requirements of iodine are not met in a given population, a series of functional and developmental abnormalities occur (Table 1) , including thyroid function abnormalities and, when iodine deficiency is severe, endemic goiter and cretinism, endemic mental retardation, decreased fertility rate, increased perinatal death, and infant mortality. These complications, which constitute a hindrance to the development of the affected population, are grouped under the general heading of iodine deficiency disorders (IDD) (112, 113) .
Broad geographic areas exist in which the population daily intake of iodine is below the recommended dietary allowance and in which the population is affected by IDD (116, 182) . These areas usually are mountainous because the soils lowest in iodine are those that were covered longest by the quaternary glaciers. When these glaciers melted, most of the iodine leached out of the ground beneath (124 (65, 68, 105, 168) . Iodine deficiency disorders therefore constitute a major public health issue and constitute one of the most common preventable cause of mental deficiency in the world today (113) . Although theoretically entirely preventable, these disorders still prevail because of various socioeconomical, cultural, and political limitations to adequate programs of iodine supplementation (188) . (7, 53, 67, 113) .
Measurement of iodine in food is technically difficult and tedious (123) . Adults are in equilibrium with their iodine environment and the fecal excretion of iodine is usually considered as negligible (137) . Therefore, most estimates of the dietary supply of iodine are based on the measurements of the excretion of iodine in urines. Complete 24-h collection of urines is often difficult to achieve in field investigations. An alternative procedure is the measurement of the ratio between the concentrations of iodine and creatinine in casual urine samples (119) or even just the concentration of iodine, provided that the observation covers at least 50 to 100 randomly selected urine samples in one given population sample (11) .
Goitrogenic factors in the diet or environment other than iodine deficiency can play a role in the etiology of IDD. The role of these substances had to be considered as endemic goiter has been found in regions with no iodine deficiency (30, 36, 154) and, conversely, as endemic goiter can be absent in areas with severe iodine deficiency (28, 48, 170) . The role of these goitrogenic factors has been extensively reviewed elsewhere (53, 67, 95, 129, 162, 198) . Natural goitrogens were first found in vegetables of the genus Brassica (the Cruciferae family), which possess goitrogenic properties in animals (162) . Their antithyroid action is related to the presence of thioglucosides, which, after digestion, release thiocyanate and isothiocyanate (87, 99, 129) . Another important group of naturally goitrogens is the cyanoglucosides, which have been found in several staples (cassava, maize, bamboo shoots, sweet potatoes, lima beans) (59, 87, 198) . After ingestion, these glucosides release cyanide, which is detoxified by conversion to thiocyanate, a powerful goitrogenic agent that acutely acts by inhibiting thyroid iodide transport and, at higher doses, competes with iodide in the organification process (86, 206, 207) . Cassava (10, 43, 49, 59, 86) and confirmed in Malaysia (136) . The determining factor involved in the goitrogenic action of cassava is the balance between the dietary supplies of iodine and thiocyanate (59) . Goiter (180) and has been confirmed since by an enormous amount of clinical and experimental observations (7, 53, 116, 143, 183) .
When iodine intake is abnormally low, adequate secretion of thyroid hormones may still be achieved by marked modifications of thyroid activity. These adaptative processes include stimulation of the trapping mechanism as well as of the subsequent steps of the intrathyroidal metabolism of iodine, leading to preferential synthesis and secretion of triiodothyronine (T3). They are triggered and maintained by increased secretion of TSH.
Increased stimulation by TSH. Elevated serum TSH levels have been reported repeatedly but not systematically in humans with chronic iodine deficiency (22, 27, 50, 90, 110, 111, 153) . Moreover, within a given area, striking and large variations in serum TSH levels are observed in adults independently of the presence or absence of goiter (27, 50, 153) . Differences in the duration of elevated TSH levels or in thyroid responsiveness as well as other factors, including thyroid autoregulation independent of TSH, may determine whether goiter develops (17, 77, 82, 184 (180, 183, 204) . The increased iodide trapping is the result of both TSH-independent augmentation of membrane iodide trapping and TSH stimulation of the iodide pump (17, 77, 184 (180) , has been confirmed in a large number of goiter endemias (7), and is further illustrated in Figure 3 . This figure indicates that as soon as the iodine supply decreases below the physiological requirement of 100 p-g iodine/day in adults, there is an increase in the thyroidal uptake of radioiodine, indicating an increase in the clearance rate of iodide by the thyroid.
In (2) . Similarly, the pattern of circulating thyroid hormones in clinically euthyroid adults in areas of severe iodine deficiency (Table  3) is characterized by low serum T4, elevated TSH, and normal or supranormal T3 (27, 50, 51, 111, 120, 153, 156) . The mechanisms responsible for this pattern are unclear but may include thyroidal secretion of T4 and T3 in the proportion in which they exist within the gland (2, 82, 127) , preferential secretion of T3 ( 101 ) (39, 40) (Fig. 4) showed that thyroidal uptake of radioiodine reached its maximum value in the earliest years of life and then declined progressively until adulthood. Uptake was systematically higher in goitrous than in nongoitrous patients. The thyroid exchangeable hormonal iodine pool was about 0.5 mg iodine in young infants; it increased progressively with age but reached only 2.5 mg in adults, which is 4 to 10 times lower than in adults in nonendemic areas. * k +-.., (186, 191) (Fig. 6 ). (41, 45, 113, 158, 183) .
The etiopathogenesis of endemic cretinism is only partly understood and information on its pathology is scanty (73, 122 (12, 107, 108, 133, 174, 203) (173, 209) . Figure 8 show (39, 52) , precluding thyroid dysgenesis (agenesis, ectopic thyroid) as the cause of hypothyroidism. (118) . Thilly et al. (190) Bleichrodt et al. (9) Boyages et al. (13) Ma et al. (134) Kochupillai et al. (121) "Adapted from Delange (45) , with permission.
of iodine deficiency of recent onset, as observed in the Jimi valley in New Guinea after replacement of natural rock salt rich in iodine with low iodine industrial salt (157) .
Finally, iodine deficiency during gestation in animals results in thyroid deficiency in the offspring. All the models used mimic the myxedematous type of cretinism; none was able to reproduce the neurological type (113, 163, 176) .
Naturally occurring goitrogens. Thiocyante overload resulting from chronic consumption of poorly processed cassava plays an additional role in the etiology of myxedematous cretinism (86). This role has been suggested from the observation that people in areas with severe but uniform iodine deficiency exhibit cretinism only when a certain critical threshold in the dietary supply of SCN is reached (59) . The action of SCN is entirely due to an aggravation of iodine deficiency resulting in fetal hypothyroidism. SCN freely crosses the placenta (18) and its concentration in cord blood is three times higher in Ubangi than in Brussels (58) ( Table 4 This mechanism is consistent with the very low iodine content of the thyroid gland reported in the myxedematous cretins (76) . Thiocyante overload aggravating the effect of iodine deficiency also explains the postnatal occurrence of juvenile hypothyroidism developing after weaning (148, 195) .
Thyroid autoimmunity. Boyages et al. (14) showed that purified IgG fractions of serum from patients with myxedematous endemic cretinism inhibited thyrotropin-induced DNA synthesis and, consequently, thyroid growth, in guinea pig thyroid segments in a sensitive cytochemical assay. On the contrary, no growth-blocking effect was observed with IgGs from euthyroid subjects or neurological cretins from the same area. It was concluded that the IgGs identified specifically in myxedematous cretinism were responsible for the condition by inhibiting thyroid growth. These IgGs, often called thyroid growth blocking immunoglobulins (TGBI), are similar to the ones found by the same authors in sporadic congenital hypothyroidism (14) . The antigenic stimulus is unknown as well as the timing of appearance in action of these IgGs in the course of pregnancy, fetal or postnatal life.
Serum TGBI were also identified using the FRTL5 system in cretins in Brazil with atrophie thyroids (147) .
However, TGBI could not be found in sporadic congenital hypothyroidism by other authors (19, 26) and, consequently, the possible role of thyroid autoimmunity in the etiology of endemic cretinism remains controversial.
Trace elements. One quite stimulating new concept in the etiology of both myxedematous and neurologic endemic cretinism is the role of combined iodine and selenium deficiencies; selenium is present in high concentrations (0.72 p-g/g) in the normal thyroid ( 1 ) . It is present in glutathione peroxidase (GPX) and Superoxide dismutase (35) . It is also present in the type I 5'-deiodinase (8) . The following scheme has been proposed to explain the frequency of myxedematous cretinism and the relative rarity of neurologic cretinism in areas such as Zaire where both iodine and selenium are deficient (103, 197) (132) . Thyroid failure at birth due to iodine deficiency has been evidenced in several endemic areas with myxedematous endemic cretinism such as Zaire (54, 58, 186) , India (121), Algeria (25) , and even in some parts of Europe such as Sicily (172) . In addition, about 10% of infants aged less than 12 months in Ubangi, Zaire are clinically hypothyroid, and nearly half have a marked delay in bone maturation, which is directly correlated to serum TSH and inversely correlated to serum T4 (54) . The presence of epiphyseal dysgenesis in X-ray studies of the knees of some adult myxedematous endemic cretins in Zaire with clinical, biochemical, and radiologie signs of long-standing hypothyroidism suggests that hypothyroidism was present before or around birth (3, 205) ; this provides indirect evidence of perinatal hypothyroidism. Also the direct correlations observed in these cretins between mental retardation and both height retardation and retardation in bone maturation indicate that hypothyroidism present in early life would account for the mental deficiency of the dwarfs (75, 126) .
In some young infants in the Ubangi area in Zaire, the biochemical signs of thyroid failure disappeared spontaneously within 6 to 10 weeks (38) . The hypothesis has been proposed that permanent thyroid failure from birth results in myxedematous endemic cretinism, while transient hypothyroxinemia occurring during the critical period of brain development could at least partly explain the endemic mental retardation observed in noncretin individuals in this population (40) .
In contrast to the situation reported for myxedematous endemic cretinism, there is no evidence that fetal hypothyroidism is involved in the pathogenesis of neurological endemic cretinism; there is no evidence of hypothyroidism in the newborn in areas where neurological cretinism predominates (42, 146, 179) . Conversely, there is no clinical picture similar to that of neurological endemic cretinism in sporadic thyroid agenesis, which results in the most severe degree of fetal hypothyroidism (3, 81) .
However, the well-documented preventive action of correction of iodine deficiency in pregnant mothers on the incidence of endemic cretinism indicates that maternal thyroid function plays a role in the pathogenesis of endemic cretinism.
Maternal hypothyroidism. Maternal hypothyroxinemia is rare in nonendemic areas. It can result in impaired neurointellectual development in the offspring (122, 139) . In contrast, maternal hypothyroxinemia is extremely frequent in endemic areas (58, 159, 179) . It is associated with increased mortality and morbidity in offspring ( 159, 189) and increased incidence of hypothyroidism in neonates (186) . In addition, data collected in rats showed that maternal hypothyroxinemia due to iodine deficiency results in lack of thyroid hormones in fetal tissues during early pregnancy, even before the onset of fetal thyroid function, and also later on during fetal development (88, 149, 150, 208) . These data indicate that in rats, there is a substantial transfer of thyroid hormones from mother to fetus during early gestation, which plays a role in fetal development, especially of the brain. In contrast, the rate of transfer of thyroid hormones across the placenta in humans is largely unknown. (64, 201) . For these reasons, the consequences of maternal hypothyroxinemia and iodine deficiency for fetal development in humans are still largely unknown.
In an attempt to present a unifying hypothesis for the etiopathogenesis of endemic cretinism, and based on very careful and extensive studies of endemic cretinism as seen in China and Indonesia (16, 69, 70, 107, 108) , it has been proposed that the clinical picture of endemic cretinism results from the product of two pathophysiological events, both resulting from iodine deficiency: the first event is maternal or/and fetal hypothyroidism. It occurs in all cretins and results in the neurological features of the disorder. The second event is postnatal hypothyroidism. This event does not occur in all cretins and is determined by the thyroid gland's functional capacity of the individual. Postnatal hypothyroidism is responsible for growth, mental and sexual retardation, and for the myxedematous appearance of the cretins.
The hypothesis is attractive and is probably satisfying for explaining the situation as seen in China and Java, but, in the opinion of the author, cannot be considered as universal. As a matter of fact, as indicated earlier, maternal or/and fetal hypothyroidism are much more severe and frequent in areas in the world where the myxedematous component of cretinism predominates than in areas where the neurological component predominates, and not the reverse.
Therapy. There is no specific therapy of neurological endemic cretinism. These patients need rehabilitation like patients with cerebral palsy in Western countries.
Thyroid function can be improved by iodine supplementation in myxedematous cretins aged less than 4 years but not in older defectives, indicating that in this type of cretinism, the atrophie thyroid progressively loses its functional capacity (15, 196) . As in unrecognized sporadic congenital hypothyroidism, substitutive therapy with 1-thyroxine will restore euthyroidism but will not correct the neuropsychointellectual sequelae. Figure 9 shows that injections of iodized oil during pregnancy in Zaire will prevent hypothyroidism not only at birth but until the age of 2-3 years.
The fact that in some children, hypothyroidism starts after the age of 3 years is consistent with the observation of Goslings et al. (102) (117, 160, 166, 191) .
The recommended levels of iodine supplementation vary widely. In the United States, one part iodide is added to 10,000 parts salt. In other countries, the ratio is one in 100,000. A salt consumption of 5 g/day being presumed, extra iodine supply would vary therefore from 500 p-g to 50 p-g/day. A reasonable recommendation is one part in 20,000 to 50,000 (72, 80) .
Iodide has been used as a supplement in bread alone in Holland and in Tasmania, but wide variations in the amount of bread consumption make this a less than satisfactory technique (181) . Iodination of water has been successfully used in some areas with adequate water supply and control of iodination of water (135, 178 (72, 142, 188) .
In such conditions, prophylaxis and therapy can be achieved extremely effectively by the administration of large quantities of iodine in the form of slowly resorbable iodized oil administered by intramuscular injections or orally (72, 80, 116, 161) . The method is cheap and can be easily implemented through local health services using existing facilities or by small teams. The method appears as most convenient for ioslated communities beyond the reach of commercial chañéis.
In light of investigations completed in various countries by injection of iodized oil (72, 80, 116, 182) , it appears necessary to inject the entire population from 0 to 45 years for females and 0 to 20 years for males. This sex distinction is not, however, always applied for psychological reasons (188) . The long-term effectiveness and safety of this procedure are now extensively documented for at least 7 years in adults and 2-3 years in young children (Fig. 9 ).
The recommended doses of iodine administered as iodized oil are shown in Table 6 . Smaller doses of oral iodized oil are, however, equally effective at least for 1 year (193) .
The principal complication of iodine prophylaxis is the occurrence of thyrotoxicosis (142) . This complication was first noticed in the early days after the introduction of iodide supplementation. An increased incidence of thyrotoxicosis was observed in Tasmania following bread iodination in 1966 or/and following contamination of dairy products by iodine containing disinfectants (iodophores). The complication was most evident in the older age groups (32) . It was attributed to the presence of autonomous nodules often observed in these subjects. Patients with thyrotoxicosis were occasionally reported after administration of iodized oil in Ecuador, Peru and Argentina but not in New Guinea and Zaire ( 181 ) . In all reports the disease was mild and easily managed. The question may arise whether this development of thyrotoxicosis is to be considered as a complication of iodine prophylaxis or an ineluctable consequence of the normalization of the iodine intake. Even in nongoitrous areas, it has been shown that the shift from a low normal iodine intake (100 p.g/day) to a high normal one (500 p-g/day) may induce clear-cut thyrotoxicosis in euthyroid subjects with an autonomous thyroid nodule (85).
The large amount of information now available from all over the world clearly establishes that the occurrence of thyrotoxicosis is exceptional and does not put in question the enormous benefit that follows the introduction of iodine prophylaxis in endemic goiter regions. 
Public health consequences
In adults. The frequency of simple goiter is elevated in many countries and the cost of therapy of thyroid problems in the adult population is enormous (155) . As shown in Table 8 , thyroidal uptake of radioiodine varies markedly from one European country to another and is inversely related to the iodine intake. Elevated thyroidal uptake due to iodine deficiency aggravates the risk of thyroid irradiation and development of thyroid cancer in case of a nuclear accident (44) . The best prophylaxis of nuclear hazards in case of radioiodine fallout is to increase the basal intake of iodine of the population (83 (21) . As shown in Figure 11 , this syndrome is characterized by postnatally acquired severe primary hypothyroidism lasting for a few weeks and requiring substitutive therapy (55) . The risk of transient hypothyroidism in the neonates increases with the degree of prematurity (60 (61) and can be used as a monitoring tool in the evaluation of the effects of iodine prophylaxis at a population level (152) .
The reasons for the particular sensitivity of the newborn, especially of the preterm infant, to the effects of iodine deficiency are shown in Figure 13 and Table 10 . In an area such as Belgium, with a borderline iodine intake, the iodine content of the fetal thyroid is extremely low and increases progressively with gestational age (Fig. 13) . Table 10 shows that this content found in full-term infants is related to the iodine intake of the population and thus probably of the mother during gestation. The iodine content of the thyroid in full-term infants is almost 300 p-g in Canada; it is only 82 p-g in Belgium where the iodine intake is borderline and is as low as 43 p-g in Germany where the iodine intake is severely insufficient. In these conditions, the turnover rate of intrathyroidal iodine is markedly accelerated and, therefore, thyroid failure is more likely to occur. These neonatal data contrast with adult data that have shown that the iodine stores of the thyroid are not affected by iodine deficiency unless there is an extreme degree of deficiency (Fig. 3 ).
Prevention and therapy of IDD in Europe
It is hard to understand and impossible to admit that iodine deficiency, the most common preventable cause of mental deficiency in the world to day (113) , is still so prevalent in Europe. The most probable cause of the phenomenon is the insufficient awareness of the problem by the health authorities, including the medical and paramedical world, and by the public.
The consequence is the absence of programs of health education focusing on the use of sea products, milk, and iodized salt and the absence, except in some countries such as the Scandinavian countries, Switzerland, and Austria, of efficient and wellcontrolled and monitored programs of iodized salt. As a matter of fact, iodized salt is available in many European countries. However, it has been reported that the iodination of household salt alone can raise urinary iodine excretion far below expectation (65) . This apparent failure of programs of salt iodization can result from the fact that, even in Europe today, many of the iodized salt analyses were grossly inadequate with respect to their iodine content (65) . It As a matter of fact, milk appears as the main source of iodine in many industrialized countries (78) .
Because of the obvious effects of iodine deficiency in Europe on the main target groups including pregnant women, fetuses, neonates, and young infants and before the introduction of generalized programs of fortification of food including iodized salt, pregnant and lactating women and young infants should be supplemented with iodine. In addition, the iodine content of formula milk should be increased in Europe above the classical recommendation of 5 p-g/dL milk. The present recommendation, endorsed by the European Thyroid Association (ETA) and the International Council for the Control of Iodine Deficiency Disorders (ICCIDD), is 10 p-g/dL for full-term and 20 p-g/dL for preterm infants (47) .
